] i rise in mESC-CMs, the effect of which was abolished by TRPV1-shRNA. In functional study, treatment of EBs with TRPV1 antagonists (capsazepine and SB366791) and TRPV1-shRNA reduced the size of the EBs and decreased the percentage of spontaneously beating EBs. TRPV1 antagonists and TRPV1-shRNA also suppressed the expression of cardiomyocyte marker genes, including cardiac actin, c-TnT, c-TnI, and α-MHC. Taken together, this study demonstrated an important functional role of TRPV1 channels in the differentiation of mESCs into cardiomyocytes.
Introduction
Embryonic stem cells (ESCs) are derived from the inner cell mass of blastocysts. They can selfrenew and are pluripotent, meaning that they can proliferate indefinitely and have the ability to differentiate into different cell lineages including cardiomyocytes [1] . ESC-derived cardiomyocytes (ESC-CMs) not only provide an unlimited ex vivo source of cardiomyocytes for cell-based heart therapies, but also are an excellent model for studying heart development. Ultrastructural, molecular biological, and electrophysiological studies have demonstrated that in vitro differentiation of mESC-CMs within the EBs closely recapitulates the developmental pattern of murine embryonic cardiomyocytes [2] [3] [4] , making mouse ESCs (mESCs) an attractive model for investigating early cardiomyogenesis [2] [3] [4] .
[Ca 2+ ] i is an important second messenger that regulates the differentiation and proliferation of cardiomyocytes during cardiogenesis [5] . During ESC differentiation into cardiomyocytes, there is a drastic change in expressional profile of some key Ca 2+ -handling proteins. For example, in undifferentiated mESCs, only inositol trisphosphate receptors but not ryanodine receptors are expressed in endoplasmic reticulum [6, 7] , and the main Ca 2+ influx pathway is store-operated Ca 2+ entry but not voltage-operated Ca 2+ entry [6, 8, 9] . Furthermore, during cardiomyocyte differentiation, the expressions of ryanodine receptors, voltage-dependent Ca 2+ channels and sarcoplasmic reticulum Ca
2+
-pump are increased [2, 5, 10, 11] . These changes in the expression profile of Ca 2+ -handling proteins could alter temporal and spatial pattern of Ca 2+ signaling, thereafter regulates the cardiomyocyte differentiation. Indeed, it is reported that Ca 2+ entry through T-type voltage-gated Ca 2+ channels may promote ESC differentiation into cardiomyocytes [12, 13] , whereas CD38-cADPR-Ca 2+ signaling pathway may antagonize ESC differentiation into cardiomyocytes [14] . Transient receptor potential channel vanilloid 1 (TRPV1/VR1) is a member of the TRP super family of ion channels. It is a Ca 2+ -permeable cationic channel with predicted topology of six transmembrane segments (S1-S6) and a pore region between S5 and S6 [15] . The channel is widely expressed in variety of different tissues and cell types including nervous system, vascular cells, adipocytes and keratinocytes [16] . Functionally, TRPV1 is involved in pain sensation, thermosensation, inflammation, vascular tone control and adipogenesis [16] . TRPV1 is expressed in cardiomyocytes. However, its function in cardiomyocytes is poorly understood [17, 18] . Up to the present, there is only one report about TRPV1 function in cardiomyocytes, in which TRPV1 is suggested to be involved in cold temperature-induced cardiac remodeling [17] . In the present study, we utilized mESC-CMs as the model to explore the possible role of TRPV1 in mESC differentiation into cardiomyocytes. Our results suggest an important role of TRPV1 in mESC differentiation into cardiomyocytes.
Materials and Methods

Culture of mESCs
The mESC line D3 (ATCC, Manassas, VA) was used in this study. It was cultured on the 6-well plates coated with 0.1% of gelatin without feeder layer. The mESCs were maintained in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented with 15% fetal bovine serum (Hyclone, Thermo Fisher Scientific Inc., Waltham, MA), 2 mM L-glutamine (Gibco, Carlsbad, CA), 0.1 mM mercaptoethanol (Sigma, St. Louis, MO), 0.1 mM non-essential amino acids (Gibco), and 1,000 U/ml leukemia inhibitory factor (Chemicon, Millipore, Billerica, MA) [19] .
Differentiation of mESCs into cardiomyocytes
The mESCs were resuspended in normal differentiation medium which had the same components as the medium for undifferentiated mESCs but without leukemia inhibitory factor. EBs were formed through hanging drop method as described by us previously [20] . Briefly, mESCs were spotted in droplets onto the lid of 90-mm petri dishes and incubated upside down for 2 days to allow the formation of the EBs. Each droplet contained 800 cells in 20 μl of differentiation medium. The bottom of petri dish was covered by 10 ml of phosphate-buffered saline (PBS) to avoid drying of the hanging drops. On the differentiation day 2 (day 2), EBs were washed into 10-cm petri dishes with 10 ml differentiation medium and cultured in suspension for another 5 days. In the experiments examining the effect of TRPV1 antagonists on cardiomyocyte differentiation, TRPV1 antagonists or 0.1% DMSO (as vehicle control) were included from day 2 to day 7, which is the crucial period for cardiomyocyte differentiation.
On differentiation day 7, the sizes of EBs were measured using SPOT Advanced imaging software (Diagnostic Instruments, Inc., Sterling Heights, MI). The EBs were then attached onto a 24-well gelatin-coated culture plate containing differentiation medium for 10 more days (until day 17). Spontaneous beating of the EBs was monitored under microscope.
Lentiviral TRPV1-shRNA
A short hairpin RNA (shRNA) construct against mouse TRPV1 was generated using pLKO.1 puro vector containing a cassette for puromycin according to the manufacturer's instructions (OligoEngine, USA). The targeted sequences used were 5'-GCCAGACAGCATTACACATTG-3'. Scrambled shRNA was used as control. The oligonucleotide insertion was confirmed by sequencing. Lentiviral production was done by co-transfecting pLKO.1 and packaging vectors into HEK293FT cells. The supernatants were collected after 48 hr. The viruses were purified by centrifuging for 2 hr at 50,000 g and then resuspended in PBS.
Lenti-TRPV1-shRNA and its scrambled control were stably transduced into mESCs. After puromycin selection, two mESC lines were established, one stably expressing TRPV1-shRNA and the other expressing its scramble control. These mESC lines were then differentiated into cardiomyocytes.
Immunostaining
Undifferentiated mESCs or differentiated cells were cultured on glass coverslips and fixed with 4% paraformaldehyde in PBS for 20 min and permeabilized with 0.1% Triton X-100 in PBS for 15 min before blocking with 2% BSA solution for 1 hr at room temperature. The samples were incubated with the primary antibodies: the goat anti-TRPV1 (1:50 dilution), or the mouse antiOct4 (1:200 dilution), or the mouse anti-cTnT (1:500 dilution) at 4°C overnight. The samples were then incubated with the secondary antibodies: AlexaFluor 488 donkey anti-mouse IgG and AlexaFluor 546 rabbit anti-goat IgG (1:1000 dilution). Nuclei were counterstained with DAPI (Invitrogen). In control experiments, the primary antibodies were either omitted or were preabsorbed for 2 hr at room temperature with excessive of TRPV1 peptides (at 1:1 weight ratios) provided by manufacturer. The cells were visualized under a confocal microscope (Olympus FV1000).
Isolation of mESC-CMs and [Ca
2+
] i measurement EB dissection and cardiomyocyte isolation were performed 2 days before [Ca 2+ ] i measurement. The methods for EB dissection and cardiomyocyte isolation were described elsewhere [21] . Beating regions were isolated by using 1 ml syringe with 27-G needle under dissection microscope. Dissected regions were placed in sterile 1.5 ml eppendorf with differentiation medium. The dissected regions were centrifuged at 1000 rpm, 4°C for 5 min. Then, the medium was removed and the cell pellet was washed with PBS. The pellet was centrifuged at 1000rpm, 4°C for 5 min and PBS was removed. The cell pellet was digested for 30 min at 37°C in an air shaker (150 rpm) with a digestion solution that contains: 1 mg/ml collagenase B (Roche Diagnostics, USA), 120 mM NaCl, 5.4 mM KCl, 5 mM MgSO 4 , 5 mM Na Pyruvate, 20 mM glucose, 20 mM taurine, 10 mM HEPES and 30 μM CaCl 2 , pH adjusted to 6.9 by NaOH. Afterward, the cells were centrifuged down and recovered for 1 hr in KB solution that contains 85 mM KCl, 30 mM K 2 HPO 4 , 5 mM MgSO 4 , 1 mM EGTA, 5 mM pyruvic acid, 5 mM creatine, 20 mM taurine, 20 mM glucose, 87 μM of Na-ATP, pH adjusted to 7.2 by NaOH. After recovery, spontaneously beating cells in KB solution were seeded on glass slides pre-coated with 20 μg/ml laminin and 0.1% gelatin.
Cells were loaded with 5 μM Fluo-4 and 0.02% pluronic acid F-127 in Tyrode's solution in dark for 20 min at 37°C. The dye was washed away and the cells were incubated in Tyrode's solution. Tyrode's solution contained: 140 mM NaCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 5.4 mM KCl, 10 mM glucose, 10 mM Hepes, pH adjusted to 7.2 by NaOH. Ca 2+ -free Tyrode's solution contained additional 3 mM EGTA. Fluorescence images were collected every 17 to 18 msec using an Olympus FluoView FV1000 laser scanning system (Olympus, Tokyo, Japan) equipped with an argon laser of 488 nm. Ca 2+ change were expressed as ratio of fluorescence relative to the intensity immediately before capsaicin or camphor challenge (F1/F0).
Immunostaining followed by flow cytometry 
Quantitative real-time polymerase chain reaction (qPCR)
Some EBs were collected on differentiation day 12 and day 17 for qPCR. Total RNA was extracted using Trizol reagent according to the manufacturer's protocol. The extracted RNA was treated with DNase I and subjected to reverse transcription using SuperScript First-Strand Synthesis System. Power SYBR GREEN PCR Master Mix (Applied Biosystems, Foster City, CA) was used for qPCR. PCR primers were: TRPV1 forward CCGGCTTTTTGGGAAGGGT, reverse GAGACAGGTAGGTCCATCC; beta-actin forward AGAGGGAAATCGTGCGTG AC, reverse CAATAGTGATGACCTGGCCGT; cardiac actin forward CCAGCCCAGCTGA ATCC, reverse CCATTGTCACACACCAAAGC; c-TnT forward TTCATGCCCAACT TGGTGCC, reverse CTCTCTTCAGCCAGGCGGTTC; cardiac troponin I (c-TnI) forward AGGGCCCACCTCAAGCA, reverse GGCCTTCCATGCCACTCA; alpha-myosin heavy chain (α-MHC) forward, AGCTGACAGGGGCCATCAT, reverse ACATACTCGTTCCCCA CCTTC. The qPCR reactions were performed with 7500 Fast Real-time PCR system (Applied Biosystems). Each reaction was performed under the following conditions: 50°C for 2 min; 95°C for 10 min; 40 cycles of 95°C for 15 sec, 60°C for 1 min. Melting curve analysis of PCR products were performed to verify the authenticity of PCR products. All samples were run at least in triplicate. Fold changes in the relative mRNA expression of the target genes were determined using the 2 -ΔΔCt method [22] , in which the target genes were normalized to the housekeeping gene and the relative expression levels of different genes in experimental groups were normalized to that in control group.
Results
Expression of TRPV1 channels in mESCs and mESC-CMs
Immunostaining was used to examine the expression of TRPV1 proteins in mESCs and mESC-CMs. The cells were stained on day 0 (undifferentiated mESCs), day 4 (differentiating mESCs) and day 9 (differentiated mESC-CMs). OCT4 (octamer-binding transcription factor 4) is a transcription factor that is required to maintain the self-renewal of ESCs. As expected, undifferentiated mESCs were shown to express OCT4 on day 0 (Fig 1A, green) . On the differentiation day 9,~10% of cells were stained positive for c-TnT, a cardiomyocyte-specific marker (Fig 1C, green) . TRPV1 immunoreactivity (in red) was detected in cells of all differentiation stages from undifferentiated mESCs (day 0), to differentiating EBs (day 4), and differentiated mESC-CMs (day 9). Two sets of negative control experiments were done, one performed in the absence of the primary anti-TRPV1 antibodies (Fig 1D) and the other with antigen (TRPV1-peptide) preabsorption (Fig 1E) . Very little TRPV1 immunoreactivity could be detected in either negative control (Fig 1D and 1E) . Quantitative PCRs were performed to determine the expression pattern of TRPV1 mRNA during the cardiomyocyte differentiation process. The results showed an increase in TRPV1 expression during the differentiation process (Fig 2) .
Functional presence of TRPV1 in mESC-CMs was verified by [Ca 2+ ] i measurement study. Application of a TRPV1 agonist capsaicin (1 μM) elicited a rise in basal [Ca 2+ ] i , while in~50% of individual mESC-CMs (Fig 3A and 3C) . In other 50% of mESC-CMs, capsaicin failed to cause an [Ca 2+ ] i , while increase. Camphor (2.5 mM), another TRPV1 agonist, caused a similar ] i , whil e in~50% of individual mESC-CMs, the effect of which was inhibited by a selective TRPV1 antagonist SB366791 (10 μM) (Fig 3B and 3D) . A TRPV1-shRNA was generated. Lentiviral mediated delivery of the TRPV1-shRNA reduced the TRPV1 expression in mESC-CMs by~70% (Fig 3E) . TRPV1-shRNA almost abolished the capsaicin-and camphor-induced [Ca 2+ ] i , while rises in mESC-CMs (Fig 3C and 3D) (Fig 2) , which showed low TRPV1 expression in undifferentiated mESCs. ]i, while rise in response to 1 μM capsaicin (C) and 2.5 mM camphor (D). Shown were effects of TRPV1-shRNA and SB366791 (10 μM). (E) Effectiveness of TRPV1-shRNA in suppressing TRPV1 mRNA by qPCR. ctl-shRNA stands for control scrambled shRNA. Values were Mean ± SEM. n = 3-5 experiments as labeled. * P < 0.05, ** P < 0.01, ***P < 0.001. 
Effect of TRPV1 antagonists the growth of EBs
The diameters of EBs were measured by SPOT Advanced imaging software on differentiation day 7. In vehicle control group treated with 0.1% DMSO, EBs appeared round-shaped with clear edge. The mean EB diameters were 566 ± 31 μm. Capsazepine (10 μM) and SB366791 (10 μM) treatments reduced the diameter of EBs to 446 ± 61 μm and 318 ± 34 μm, respectively (Fig 4A and 4B) , while capsaicin (1 μM), a putative TRPV1 agonist, had no effect on the diameter (547 ± 35 μm) of the EBs (Fig 4A and 4B) .
Effect of TRPV1 antagonists on the percentage of embryoid bodies that exhibited spontaneous beating
After the measurement of EB size, these EBs were attached onto gelatin-coated 24-well culture plates to count the percentage of EBs that exhibited spontaneous beating (beating ratio) for 10 consecutive days. The culture media were similar as before but contained either with or without TRPV1 antagonists. Cumulative beating curves from the differentiation day 8 to 17 were constructed (Fig 4C) . From the beating curves, it is obvious that the percentage of beating EBs was markedly lower in capsazepine-and SB366791-treated groups than that of control group (Fig 4C) . Capsazepine (10 μM) treatment reduced the percentage of beating EBs by >50% from day 8 to day 14. After day 14, the beating ratio gradually recovered, approaching to the control level (Fig 4C) . The effect of SB366791 was even more remarkable. Under SB366791 (10 μM) treatment, no beating EBs was observable until the differentiation day 12 (Fig 4C) . Starting from day 13, the beating ratio slowly increased but only reached 18% on day 17 ( Fig  4C) . However, capsaicin (1 μM) treatment had no effect on the percentage of beating EBs. Effects of TRPV1 antagonists on the expression of cardiac-specific markers in mESC-CMs Quantitative RT-PCRs were used to analyze the expressional level of cardiomyocyte specific marker genes, including cardiac actin, c-TnT, c-TnI and α-MHC [23] . EBs were collected on the differentiation day 12 and 17, and the expression of these marker genes was assessed. Capsazepine (10 μM) treatment reduced the expression of cardiac actin by 91 ± 5% on day 12, and 72 ± 13% on day 17, while SB366791 (10 μM) reduced cardiac actin expression by 94 ± 3% on day 12, and 82 ± 10% on day 17 (Fig 5) . Similarly, both capsazepine (10 μM) and SB366791 (10 μM) had strong inhibition on the expression of other three mature cardiomyocyte marker genes c-TnT, c-TnI and α-MHC (Fig 5) . However, capsaicin (1 μM) treatment had no significant effect on the expression of all four cardiomyocyte markers either on the differentiation day 12 or day 17 (Fig 5) .
Effects of TRPV1-shRNA on mESC differentiation into cardiomyocytes
We further examined the effect of TRPV1-shRNA on mESC differentiation into cardiomyocytes. Results from flow cytometry showed that knockdown of TRPV1 expression with TRPV1-shRNA reduced the percentage of c-TnT-positive cardiomyocytes by~30% (Fig 6A) . Furthermore, TRPV1-shRNA reduced the diameter of EBs (Fig 6B) , decreased the percentage of beating EBs (Fig 6C) , and suppressed the expression of four cardiomyocyte marker genes (Fig 6D) . 
Discussion
The main findings of the present study are as follows: 1) immunostaining showed the expression of TRPV1 proteins in undifferentiated mESCs and mESC-CMs. Quantitative PCRs showed an increase in TRPV1 expression during the differentiation process. 2) TRPV1 agonists capsaicin and camphor elicited a [Ca 2+ ] i rise in mESC-CMs, the effect of which was inhibited by TRPV1 antagonist and TRPV1-shRNA. 3) TRPV1 antagonists (capsazepine and SB366791) and TRPV1-shRNA inhibited the growth of EBs and decreased the percentage of beating EBs. 4) TRPV1 antagonists and TRPV1-shRNA also suppressed the expression of cardiomyocyte marker genes, including cardiac actin, c-TnT, c-TnI, and α-MHC. Taken together, these data suggest an important functional role of TRPV1 channels in the differentiation of mESCs into cardiomyocytes.
Capsaicin is a highly-specific TRPV1 agonist, while camphor activates TRPV1, TRPV3 and TRPM8 [24] [25] [26] . Among the two TRPV1 antagonists, SB-366791 is highly selective for TRPV1 [27] , while capsazepine is a more commonly used [24, 28] ] i , whil e rise, further confirming the involvement of TRPV1. These data demonstrated the presence of functional TRPV1 channels in~50% of mESC-CMs. Note that immunostaining data showed that near all mESC-CMs were TRPV1-positive, while functional data showed that only~50% of mESC-CMs displayed an increase in [Ca 2+ ] i in response to capsaicin or camphor. A likely explanation is that in the rest 50% of mESC-CMs, TRPV1 expression was relatively low so that the responses to capsaicin or camphor could not be detected. Alternatively, TRPV1-mediated Ca 2+ influx could be offset by other Ca
2+
-lowering events in these cells. Some TRP isoforms, including TRPV1, TRPC5 and TRPC6, have been reported to regulate cell differentiation in several cell types including neurons, keratinocytes, bone cells and dendritic cells [29] [30] [31] [32] [33] . As for TRPV1, its role in cell differentiation appears to be cell type-specific [32, 33] . TRPV1 activity was reported to enhance osteoclast and osteoblast differentiation, but inhibit the cytokine-induced differentiation of human dendritic cells [32, 33] . However, up to the present, there is no report on the role of TRP channels in cardiomyocyte differentiation. In the present study, we tested the effect of TRPV1 agonists, antagonists and TRPV1-shRNA on three indexes that are associated with cardiomyocyte differentiation, i.e., 1) EB size, 2) the percentage of beating EBs, and 3) the expression of cardiac marker genes. EB size is an index for stem cell proliferation and development; beating EBs represent the presence of contracting cardiomyocytes [34] , whereas cardiac actin, c-TnT, c-TnI, and α-MHC are cardiomyocyte markers [23] . Our results showed that TRPV1 antagonists (capsazepine and SB366791) and TRPV1-shRNA reduced the EB size, decreased the percentage of beating EBs, and suppressed the expression of cardiomyocyte-specific marker genes. Together, these data clearly demonstrated that TRPV1 plays a crucial role in the progression of cardiomyocyte differentiation.
Surprisingly, while TRPV1 antagonists and TRPV1-shRNA inhibited the differentiation of mESCs to cardiomyocytes, a TRPV1 agonist capsaicin did not significantly alter the cardiomyocyte differentiation as indicated by its lack of actions on all three differentiation-related indexes. Thus we speculate that TRPV1 may only play a permissive role in mSEC differentiation to cardiomyocytes. It is possible that basal activity of TRPV1 might be already sufficient for this permissive role and that any further increase in TRPV1 activity would not have additional effect.
In conclusion, the present study demonstrated an important role of TRPV1 in the differentiation of mESCs into cardiomyocytes.
